This study reports the use of statistical mixture design as a tool for the simultaneous production of lipase, CMCase, α-amylase, and β-glucosidase by Aspergillus niger under solid-state fermentation. Wheat bran, soybean meal, cottonseed meal, and orange peel were used as substrates, either individually or combined in different formulations, to study their synergistic or antagonistic effects on production of the enzymes. The highest lipase (323 U g 
Introduction
Solid-state fermentation (SSF) has been applied as a promising and alternative technology for enzyme production. Compared with submerged fermentation, SSF has some attractive advantages, such as low risk of contamination, increased yield, low-cost substrate utilization, process simplicity, lower energy requirement, and decreased wastewater production. The processing of raw materials results in the generation of agroindustrial wastes that can be used as substrates in SSF. The production of industrial enzymes, such as lipases, proteases, cellulases, and α-amylases, is an example of the potential application of wastes in SSF (Thomas et al., 2013; Martins et al., 2011) .
SSF is also an attractive process for the cultivation of filamentous fungi because the solid substrates have characteristics similar to the natural fungal habitat, resulting in good growth and secretion of a wide range of enzymes Chen et al., 2014) . Aspergillus niger strains have a recognized historical use in industrial processes as producers of extracellular lipases, proteases, and cellulases (Mahadik et al., 2002; Devi & Kumar, 2017; Xue et al., 2015) . On addition, microbial enzymes as lipase, cellulose, amylase and endo-β-1,4-glucanase (CMCase) have been replaced plant and animal enzymes and also been applied in many industries including foods, beverages, pharmaceuticals, detergents, textiles, leather, chemicals, biofuels, animal feed, personal care, pulp and paper, diagnostics, and therapy (Treichel et al., 2010; Behera & Ray, 2016; Dar et al., 2015) . Different agroindustrial wastes, such as soybean meal, wheat bran, corncob, rice husk, and gingelly oil cake, have been used for enzyme production under SSF by A. niger (Mahadik et al., 2002; Damaso et al., 2008; Colla et al., 2010) . The application of statistical mixture design using different formulations offers the possibility to study the interactions of the different components and to analyze how these interactions will affect a specific response (Castro & Sato, 2013) .
The aims of this study were to verify the interactions among different agroindustrial wastes and to modulate the media compositions by the balance of their chemical components. Therefore, different agroindustrial wastes were used as substrates, either individually or combined in different mixtures and proportions, to select the most appropriate formulation for the simultaneous production of lipase, CMCase, α-amylase, A multicomponent system based on a blend of agroindustrial wastes for the simultaneous production of industrially applicable enzymes by solid-state fermentation 
Materials and methods

Microorganism culture
The strain used in this study was A. niger LBA 02, previously selected as a proteolytic strain from the culture collection of the Laboratory of Food Biochemistry, School of Food Engineering, University of Campinas, Brazil. To produce fungal spores, the microorganism was inoculated into a medium composed of 10 g of wheat bran and 5 mL of a solution containing 1.7% (w/v) NaHPD 4 and 2.0% (w/v) (NH 4 ) 2 SD 4 and incubated for 3 days at 30 °C.
Enzyme production
Wheat bran, soybean meal, and cottonseed meal were kindly provided by Bunge Foods S/A (Gaspar, Brazil). Drange peel was purchased from a local market and was ground, washed three and dried at 50 °C for 24-48 h. These agroindustrial wastes were used for the production of lipase, CMCase, α-amylase, and β-glucosidase by A. niger LBA 02. Enzyme production was performed under SSF using individual substrates, or their binary, ternary, or quaternary mixtures in various proportions, in 250 mL Erlenmeyer flasks containing 20 g of medium. The initial cultivation parameters were 50% moisture in dry basis, temperature set at 30 °C, and an inoculum level of 10 7 spores/g. Enzyme activities were determined at 24 h intervals during 96 h of fermentation. The crude extracts were obtained by adding 100 mL of distilled water to the fermented medium, manually homogenizing the mixture with a glass rod, and then maintaining it at rest for 1 h. The solutions were filtered through a filter membrane (Whatman nº 1) to obtain enzyme solutions free of any solid material.
Statistical mixture design
The statistical mixture design was used to obtain the optimum mixture of agroindustrial wastes for maximum enzyme production and to evaluate the interaction effects in a blend of components. A four-component augmented simplex-lattice design was used, with each component being studied at six levels; namely, 0 (0%), 1/8 (12.5%), 1/4 (25%), 1/2 (50%), 5/8 (62.5%), and 1 (100%) ( Table 1) .
Special cubic regression models were fitted to the experimental data for the response variable Y as a function of the independent variables, as shown in Equation 1:
where Y i is the predicted response; q represents the number of components in the mixture; X i , X j , and X k are the coded independent variables; β i is the regression coefficient for each linear effect term; and β ij and β ijk are the binary and ternary interaction effect terms, respectively. The coefficient of determination R 2 (acceptable > 0.85) and the F test (analysis of variance [ANDVA] ) were used to verify the quality of fit of the models. Statistica 10 software from Statsoft Onc. (Tulsa, Dklahoma, USA) was used for the experimental design, data analysis, and model building.
Determination of lipase activity
Lipase activity was measured in a reaction mixture consisting of an emulsion composed of pure olive oil, gum arabic solution, phosphate buffer and 1 mL of enzyme solution. The released fatty acids were titrated with NaDH (0.05 M). Dne unit of lipase activity (U) was defined as the amount of lipase required to liberate 1 μmol of fatty acid per minute per 1 mL of the supernatant under the described conditions (Burkert et al., 2004) .
Determination of endo-β-1,4-glucanase activity
The CMCase activity was measured using carboxymethyl cellulose as the substrate in citrate buffer. The reducing sugars in the samples were quantified at 540 nm using the dinitrosalicylic acid (DNS) method according to Miller (1959) . Dne unit of CMCase activity was defined as the amount of enzyme necessary to produce 1 μmol of glucose per minute under the assay conditions.
Determination of α-amylase activity
The α-amylase activity was measured using starch as the substrate in sodium acetate buffer. After hydrolysis, the reducing sugars were quantified at 540 nm using the DNS method (Miller, 1959) . Dne unit of α-amylase activity was defined as the amount of enzyme necessary to produce 1 μmol of glucose per minute under the assay conditions.
Determination of β-glucosidase activity
The β-glucosidase activity was determined based on the release of p-nitrophenol from the enzymatic hydrolysis of All the formulated medium had the moisture level adjusted to 50% according to the initial moisture.
Paulo State, Brazil. Hydrolysis was determined by monitoring the release of p-nitrophenol at 410 nm with reference to a standard curve prepared using p-nitrophenol. Dne unit of β-glucosidase activity was defined as the amount of enzyme required to release of 1 μmol of p-nitrophenol under the assay conditions described (Figueira et al., 2013) .
Results and discussion
Enzyme production using formulations containing different proportions of agroindustrial wastes
During the SSF of A. niger LBA 02 on different agroindustrial wastes and their mixtures, the enzymatic activities of lipase, CMCase, α-amylase, and β-glucosidase were investigated in the crude extract ( Table 2 ). The highest lipase and CMCase activities were detected at 48 h fermentation, while the activity peaks for α-amylase and β-glucosidase were observed at 72 and 96 h, respectively. Enzyme secretion was strongly induced by the agroindustrial wastes and their formulations. With regards to the maximum values of enzyme activity, lipase production reached 323 and 319 U g -1 at 48 h in runs 3 and 5, respectively, in which cottonseed meal (run 3) and equal proportions of wheat bran and soybean meal (run 5) were used as fermentation substrates.
The formulation in run 5 also resulted in maximum CMCase activity, reaching 10 U g -1 at 48 h, followed by wheat bran (run 1) as the fermentation substrate producing 9 U g -1
. Wheat bran as the sole substrate (run 1) was the most adequate medium for α-amylase production (18 U g -1 at 72 h) followed by formulations containing mixed substrates, such as wheat bran and soybean meal in equal proportions (run 5 -14 U g -1 at 24 h) and the quaternary mixture of wheat bran (5/8), soybean meal (1/8), cottonseed meal (1/8), and orange peel (1/8) (run 11 -15 U g -1 at 24 h). For β-glucosidase, the maximum production was observed when the quaternary mixture of wheat bran (1/8), soybean meal (5/8), cottonseed meal (1/8), and orange peel (1/8) (run 12) was used as the fermentation substrate, reaching 15 U g -1 at 96 h. This was followed by soybean meal alone (run 2), and the binary mixtures of wheat bran (1/2) with soybean meal (1/2) (run 5), and wheat bran (1/2) with cottonseed meal (1/2) (run 6), which resulted in β-glucosidase levels of up to 10 U g -1 at 72 h.
Recent studies about lipase production using agroindustrial wastes usually apply oil-rich substrates and/or oil supplementation in order to stimulate the enzyme production. Salgado et al. (2014) , Toscano et al. (2013) , Coradi et al. (2013) and Ferraz et al. (2012) reported the positive impact of lipids in inducing lipase production. On accordance with the literature data, this study reported the highest lipase activity using the waste with the highest lipid content; namely, cottonseed meal (run 3). According to the centesimal compositions of the agroindustrial wastes used in this work (as reported by Dhara et al. (2015) ), cottonseed meal had the highest lipid content (8.36%), and the medium composed solely of this substrate produced the highest lipase activity (323 U g -1 ) after 48 h fermentation. Onterestingly, the mixture composed of equal proportions of wheat bran and soybean meal (run 5) also produced a high level of lipase (319 U g -1 ), presenting an alternative to producing this enzyme without the need of a substrate with a high lipid content. Bansal et al. (2012) tested several agricultural and kitchen wastes for cellulases production by A. niger under SSF. Comparing all the substrates tested, wheat bran was the most suitable, producing yields of CMCase, filter paperase (FPase), and β-glucosidase of 310, 17, and 33 U g -1 , respectively. Das et al. (2013) and Sahnoun et al. (2015) also reported the advantages of using wheat bran and soybean meal as substrates for endoglucanase, β-glucosidase, FPase, and α-amylase production. Similar to these data, our work presented high cellulase production when wheat bran and soybean were used as substrates, and the binary mixture of wheat bran (1/2) with soybean meal (1/2) (run 5) was favorable for CMCase, β-glucosidase, and α-amylase production. The use of cheap and waste cellulosic residues as inducers for Table 2 . Results for lipase, CMCase, α-amylase and β-glucosidase activities during the fermentation times using the simplex-lattice mixture design. 17 ± 6 168 ± 13 81 ± 6 5 ± 0 9 ± 0 7 ± 0 17 ± 1 18 ± 1 17 ± 1 7 ± 1 7 ± 1 7 ± 0 2 44 ± 6 259 ± 13 255 ± 6 4 ± 0 7 ± 0 5 ± 0 8 ± 0 2 ± 0 3 ± 0 5 ± 0 11 ± 0 8 ± 0 3 35 ± 6 323 ± 13 159 ± 13 4 ± 0 7 ± 0 6 ± 0 3 ± 0 7 ± 0 4 ± 1 5 ± 0 5 ± 0 6 ± 0 4 81 ± 6 140 ± 13 81 ± 6 1 ± 0 1 ± 0 1 ± 0 1 ± 1 2 ± 0 2 ± 0 0 ± 0 0 ± 0 0 ± 0 5 58 ± 0 319 ± 32 228 ± 13 5 ± 0 10 ± 1 7 ± 0 14 ± 0 3 ± 0 11 ± 0 9 ± 0 10 ± 1 9 ± 1 6 63 ± 6 209 ± 19 113 ± 13 5 ± 0 6 ± 0 6 ± 0 12 ± 1 14 ± 1 13 ± 1 4 ± 0 11 ± 1 10 ± 0 7 67 ± 13 17 ± 6 31 ± 13 4 ± 0 6 ± 0 5 ± 0 5 ± 0 2 ± 0 5 ± 0 1 ± 0 4 ± 0 4 ± 0 8 76 ± 0 200 ± 6 218 ± 6 5 ± 0 6 ± 0 5 ± 0 6 ± 0 7 ± 1 4 ± 0 9 ± 0 9 ± 0 6 ± 1 9 44 ± 6 81 ± 6 159 ± 13 3 ± 0 6 ± 0 5 ± 0 7 ± 0 3 ± 0 7 ± 1 2 ± 0 9 ± 1 6 ± 1 10 49 ± 0 85 ± 13 122 ± 0 3 ± 0 6 ± 0 6 ± 0 5 ± 0 1 ± 0 1 ± 0 3 ± 0 6 ± 1 7 ± 0 11 26 ± 6 108 ± 6 145 ± 19 5 ± 0 8 ± 0 7 ± 0 15 ± 1 13 ± 1 14 ± 1 2 ± 0 9 ± 0 7 ± 0 12 85 ± 13 85 ± 0.0 214 ± 13 5 ± 0 7 ± 0 6 ± 0 8 ± 1 7 ± 1 8 ± 0 3 ± 0 6 ± 0 15 ± 2 13 76 ± 0 81 ± 6 168 ± 13 5 ± 0 7 ± 0 6 ± 0 6 ± 0 4 ± 0 5 ± 0 4 ± 0 4 ± 0 7 ± 0 14 104 ± 0 90 ± 6 72 ± 6 3 ± 0 6 ± 0 5 ± 0 3 ± 1 5 ± 0 8 ± 1 1 ± 0 3 ± 0 8 ± 1 15 90 ± 6 136 ± 6 131 ± 0 5 ± 0 8 ± 0 7 ± 0 11 ± 0 3 ± 0 10 ± 1 5 ± 0 8 ± 1 9 ± 0
Results are presented as the mean of enzyme activities (n = 3) ± standard deviation.
cellulase production has also been reported by Behera & Ray (2016) , Bansal et al. (2012) and Sahnoun et al. (2015) .
Model fitting and regression analysis
The coefficient of determination R 2 and the F test (ANDVA) were used to verify the quality of fit of the models. Table 3 lists the models, with corresponding R 2 and adjusted R 2 of the regression equations for the responses as well as the corresponding F-ratio and p-values for each term in the predicted regression equations. The high R 2 values, which were above 0.86, indicate that all response functions adequately fit the experimental data, and the models can be used to predict lipase, CMCase, α-amylase and β-Glucosidase production. The predicted regression equations represent the model with the significant factors for enzyme production ( Table 3 ). The negative and positive terms represent antagonistic and synergistic effects, respectively, indicating the influence of binary and ternary mixtures on enzyme production. At 48 h, the binary interaction between wheat bran and soybean meal (x 1 x 2 ) demonstrated a synergistic effect and positively influenced the lipase production. Dn the other hand, the ternary interaction (x 1 x 2 x 3 ) showed the highest negative effect on lipase production. Generally, the component cottonseed meal (x 3 ) and the mixtures containing it positively influenced the lipase production by A. niger LBA 02. Synergistic and significant effects (P < 0.05) on CMCase production were detected for the ternary mixtures containing wheat bran (x 1 ) , cottonseed meal (x 3 ), and orange peel (x 4 ), as well as in formulations composed of soybean meal (x 2 ) , cottonseed meal (x 3 ), and orange peel (x 4 ), at 48 h. The interaction x 1 x 2 x 3 (wheat bran/soybean meal/cottonseed meal) showed the highest antagonistic effect and resulted in a decrease of CMCase activity at 48 and 72 h.
The most prominent and positive effects on β-glucosidase production were detected at 96 h, as demonstrated by the regression coefficients of the interactions x 1 x 2 x 4 (wheat bran/soybean meal/orange peel) and x 2 x 3 x 4 (soybean meal/cottonseed meal/orange peel). Drange peel is a waste naturally rich in complex polysaccharides pectin, cellulose, and hemicellulose) (Mantzouridou et al., 2015) , and its presence in different formulations showed a positive effect on cellulase production (CMCase and β-glucosidase). On the study of α-amylase production, the ternary mixture of wheat bran (x 1 ) , soybean meal (x 2 ), and orange peel (x 3 ) showed the highest and significant synergistic effect, whereas the other ternary mixtures (x 1 x 3 x 4 and x 2 x 3 x 4 ) presented negative effects and resulted in decreases of the enzyme activity at 72 h.
Interpretation of contour plots
The two-dimensional ternary plots and contour area graphs evaluate the interactions of any three of the factors in terms of their effect on enzyme production. The mixture contour plots for lipase, CMCase, α-amylase, and β-glucosidase are presented in Figures 1 and 2 . The tested enzymes showed that for each fermentation time, there was a most suitable formulation for maximum activity. However, for the simultaneous production of enzymes, some formulations presented advantages on a global view. For example, for a fixed fermentation time of 48 h, the formulation of orange peel (1/3), wheat bran (1/3), and soybean meal (1/3) resulted in the highest production of lipase (>300 U g (Figure 2b ). Taking into consideration the substrate formulation only, the ternary mixture of wheat bran (1/3), soybean meal (1/3), and cottonseed meal (1/3) was the most versatile, showing production of CMCase (Figure 1d ) and α-amylase (Figure 2a ) at 24 h, lipase at 72 h (Figure 1c) , and β-glucosidase at 48 h (Figure 2e ).
Conclusions
The use of statistical mixture design for enzyme production has potential application in industrial processes, owing to the versatility and sustainability of the method that can reach high simultaneous production of enzymes in a single process based on a blend of agroindustrial wastes under SSF. The highest enzyme activities were 323 U g -1 for lipase, 10 U g -1 for CMCase, 18 U g -1 for α-amylase and 15 U g -1 for β-glucosidase. The ternary mixture of wheat bran (1/3), soybean meal (1/3), and cottonseed meal (1/3) was the most versatile, showing production of CMCase (>5 U g ) at 48 h.
